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ABSTRACT

A new Monolithic InGaAs Active Pixel Multispectral Tmage Sensor is described. This Infrared sensor will utilize
high quality InGaAs grown by Molecular Beam Epitaxy on InP substiate for the fabrication of a high speed Junction Field
FHect Transiston anay. In ., Ga, Asis a ll1-V alloy whose cutoff wavcelength cau be tuned from 0.8 e (GaAs) to 3.5
e (InAs). Due to the spectrial windows of 3-5 jun aud 812 Hne inatmosphere, this material has not 1ccetved much
attention to date for infrared focal plane arrays even though the responsivities for the 0.8-1.0 pi, and 2.0-2.5 pm windows
for the water and carbon dioxide molecules in air are excellent. Steady advancements of InGaAs materjal growth and
devices have been made, primanily diiven by the optoclectionics industry and the high speed clectionics community. Most
of this knowledge exists in the public domain and is 1eadily accessible. Detectors at 1.7 P catoff can be ideally
nupletiented as lattice matched In o3 Ga gy A</INE PIN devices. PIN detectons require high materiad quality to reduce
dark current and decicase bit eriors, Additionally, the high intrinsic mobility of In 43 Ga ¢4 As enables very high speed
transistors for monolithic miciowave integrated circuit applications. The new Active Pixel Sensor technology, a likely
suceessor o charge coupled deviee, has dev doped for low noise, high signal tansfer efficiency hmaging circoits at 1,
In this explotatory development efforis, a preliminary result of a monolithic multispectral (visible/near infraced/shori-
wavelength infrared) imaging seusor will be discussed for application in tansportable shipboard surveillanee, night vision
and cniission spectroscopy.
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INTRODUCTION

Junction field effect tansistors J117Ts) in 1=V semiconductor applications have 1eceived considerable atiention
for application in high speed digital very large scale integrated (VIS systems due 1o the 1ecent advancenent of its
material quality and fabrication technology. '™ The JbpT technology can reduce the gate leakage current which affects
Inany aspects of the device perfformance of the noise Largin, powet dissipation, and the speed, caused by the low pate tuin
on voltage of the Schottky barrier in conventional ditcet-coupled field effect transistor (B D) logic ¢

Furthennore, the advancerient of InGaAs heterostiuctore ficld  effect tansistors on InP and  continued
advancement in microlithography feature size 1eduction for the production of semiconductor circuits, such as dynamic
radom: access memotics (DRAMS) and micioprocessots, enable the consideration of a new unage seonsor technology,
called the Active Pixel Sensor (APS). Tn the new APS, one o more active tansistors are integrated into the pixel of an
imaging detector, and buffer the photosignal as well as diive the 1ead oul lines. o any instant, only one row i

1§ active, so
that power dissipation in the APS is less than that of a charge coupled device (CCD). The physical fill-factor of the APS
can be approximately 30% or higher, and the use of on-chip miciolenses or binary optics can inciease the effcctive hll-



factor o 70%. Sensitivity, readout noise, and dynamic range are similar to the (°[’1). Thus the APS preserves the high
petformance of the (1) buteliminates the need for the burden of almost perfect charge tansfer . The Al'S technalogy is
justemerging in the most advanced imager laboratories in Japan for application to high-definition television (111)’1 V) and
clectionic still cametas.

bFor eatth and planetary remote sensing  applications, there are a broad range o f scientifically important
mieasurements o be made in the visible (0.4 - (0.7 juu ; Vis), near infrared (0.7 - 1.0 ; jtra NIR), and short-wavelength
infrared (1.0 -2.5 jun, SWIR). “The principle 1eason for the inporiance of the wavelength regions is that they span the
region of peak solarillumivation. In this region, the prunary phenomenology of interest is the 1eflectance sig nature of the
intended target, manifested as either brightuess vaniations, spectial reflectance vauations, or both. The most commonly
known subsct Of this group Of applications is the simple electronic itaging system, of which some variant has been flown
on virinally every scientific space mission.  Imaging systetus perfonna wide vatict y of important measmements ranging
from assessing the overall brightuess, composition, and texture of the suriace, to deducing atmospheric density and
composition.  Addition o £ multiple spectial filters has incieased the infounation 1eturned by these systems. The
sophistication of vtaditional imaging syste ms has ¢ volved aloug a variety of 1outes: incicased spatial sesolution (of
patliculin interest to the intelligence community); broader waveleng th coverage , patticularly in the in frared; and
incot poration of traditional labotatory spectioscopy techniques in which matenals are identificd huough their unigue
spectral signatures. ‘This latter trend has led o the eru er pe nee of the imaging spection netiy concept described carlier, The
SWIR provides a particularly feriile region for new and imporiant scientific mcasuwremnents: there 1S substantial natural
illumination available from the sun; there are a broad variety of matenials with unigue spect ral signatuies in this region;
and thiere are a vaticty of mature detect or technologics available.  Many different instruments are in operation or undet
construction for both earih and planetary remote sensing applicationis™”

The needs of InGaAs infrared (IR) artay can make a significant impact 011 the implenentation and miniaturization
of shipboard surveillance, night vision, and cinission spectroscopy insttmneuts in space. A lower dark conent linear anay
i both visible and, especially IR spect ral regime, comparing with e Cd1'd, would likely be the greatinterest in the design
of scientific minjature spection neter, machine vision and sinart sensor application.  While the development of ahigh
perfonmance 2.5 pun InGaAs anay is dependent 011 control of lattice-mismatch during material g rowth, ather wavelength
such as 1.7 i InG aAs is considered an off=t he -shell technology. Inp rinci ple, 1=V compound semiconductor material
growth is casicrto couttolthan H-Vi terpary material g rowth. Many comercial companies have successfully developed
epitaxial growing techniques of high quality 111-V semiconductor materials, while continued support. Of 2.5 InGaAs
mate nal development will be required to realize the potential for the future scientific application. Monolithic APS iS an
approach to overcome both the hybridization 1o a silicou multplexer noise o cuable focal-plane application and the back -
side illomination Of the visible response in two dirnensionalsiticon array hybridization scheine.

This paperdescribes InGaAs APSdetector technology. Section 2 reviews the potential advantages of the In(a As
faging syste meas a potential hype 1 spectral imaging syste m. - Section 3 d es ¢ribes the key concepts of the d esigre and
opetation of CMC S active pixel image se nsors. Section 4 describes the projected goals, plans and chiodlenges as well as
sote preliminary characterization results Of the fundamentallnGaAs AI'S device structures.

2.MONOLITHHCING aAs JPET

2.1 InGaAs Growth for Multi-spectral Response

The tenary Iy Gag g As can be grown epitidally on a 111-V binary substrate. As the indium ole fraction, x, varics
from x = 0 (pure GaAs) o x = 1 (pure InAs) the bandgap varies continvously from g = 1424 ¢V 10 e = 0.360 ¢V,
respectively. The longest wavelength to which the device is sensitive, called the cut-off wavelength Aco conespondingly
varies from Aco = 0.8 pun 0 hco = 3.5 i, tespectively. Atany given lemperature, the device dark current increases as Iig
decreases because of the smaller banvier to thermal generation of election-hole pairs, This provides the designer with a
trade-off between Aco and the dark cutrent, which the designer can optimize for a particolar application by selecting the
proper indiv mwole fraction.




InGaAs with anindiummole fraction of 0.53 iS lattice-matched tO InP, and SO can be grown .Slrdirl-free onanlnp
substiate 112 7 his fixed wmole fraction limits the desiguer to a specific cut-off wavelenpth, which happenstobe Aco @ 1. 7
tun fOor Ingo; Ganar AS. Detectors with anIn g 53 Ga o, 47 AS active region grown on InP substrates bave been made with dark
cunent densities (at -SV) of 1€ss than 1 prA/Zend’, quantum efficiencies greater than W %, D* values greater thano ' oM Hz
2 v, and subnanosecond rise-tim €5 aL100m Cmperituies. “Ihe dark cunient ¢ i be redoced by more than 200 times just
with thermoelectric cooling,.

In order [0 fabricate detectors with Aco > 1.7 pum, the indivm mole fraction can be incieased beyond (.53, but this
1equites some scheme 10 relax the strain. The superlattice consists of layers on [tiC order of' 1 jumthickness. The lattice
constant of the layer that is closest to the substiate is equalto or only slightly different from the substiate (see Pigure 1).
} fach layer grown after that has a lattice constant closer o the InGa As active region. 1 disiocations that relax the strain are
gencrated in he thick buffer layer, but are trapped by the abrupt heterojunct ions between superlattice layers , so that the
dislocations do not continue into the active region, leaving it with a low defect density.  Detectors with strain-telaxed
InGa Asactive layers with indium maole fractionsupto 0.8? have been grown using the superlattice buffertechnique onan
nil’ substrate'™'?, Thistechnique has also been used [o grow straintelaxed InGaAs OU a GaAs substrate " '17, At this time,
the Tatgest indivm mole fraction that has been reporied forstrain relaxed InGa As on a GaAs substrate 1S 0.40, which 1s less
thanthe 0.53mole fraction of grilill-free. InGaAs onlnp.
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Figure 1. Stress Relaxed InGaAs Sensor Stractue,

Hydnde vapor phase epitaxy (VPE) has been used to grow low dark cunrent InGaAs photodiodes on Inb substrates
with indium mole fractions ranging from 0.53 o 0.82. Molecular beam epitaxy (MBE) has been used successfully to grow
stratn-relaxed InGaAs on GaAs substiates. Kavaoagh, ef al, gtew Tngs Gua gy As ona GaAs substrate with a dislocstion
density of less than 2210 * /06 and used such matetial 1o form an 1n s Ga oy A/ gse Al o7, As heterostucture W7, Such
matenal was then suecessfully used to make a brr' Rogers, et al,. have also fabricated strain-relaxed In g Gat g As
metal-semiconductor-mietal (MSM) detectors with a cut-off wavelength of 1.3 pm on GaAs substrates' These NSM
detectors had a bandwidth of up to 3 Gllv. Ban, et al, compared the results of lattice-matehed nGaAs p-i-n detectors on
InP> substrates grown by hydiide VPE aud metallorganic chemical deposition (MOUVD). ‘They found that both nethods
were capable of fabricating commercial quality devices with over 90% wafer yield '

Fabnication technology has also been steadili mproved. Recently, low contact transfer resistance to a GalnAs/InP
composite channel  was reported using nonalloyed regrown N' - contact regions by MOCVDL Resrown channel contacts
were used 1o achieve low contact resistance (0.35 Q-mm) o (30 A) InGaAs/ (150 A) InP composite channel high electron
mobility transistors. High tansconductance (600 wmiS/m), higl full channel current (650 mA/mun), and high peak cut-otf
frequencies (= 70 Gz, Fiax = 170 GHz) were also observed. ™




2.2 Near Roo m Temperature Operation

Ininfrared inst uments covering the SWIR region, cooling iS necessar y only to reduce the dark current of the detector.
The background photon signal from the warm insttument is alnost negligible, except pethaps at the longest wavelengths,
No cooling of the optical systemt is needed. In such alow background envitoument, the focal plane sensitivity IS ultimately
determined by the RoA product of the phiotodiode. The most connnonly used detector technologics in this region are indium
antimonide (InSb) and mercury cadmium telluride (M CT) photovoltaic detector s. InSb requites cooling down to less than
80K, (luc toits small handgap (Aco = 53 jun); care must be taken to ensure that background at wa velengthslongerthan 2.5
jin s filtered out. For MCT, the alloy concentiation can be fixed to provide @ bandgap equal o the longest wavelength to
be obser ved (HgosCdosTeat 2.5 pm). The larger bandgap allows higher temperatwie operation. ‘1’ here arc continued
efforts 10 increase the operating temperature of SWIR MCT detectors.,

Infrared detectors based on InGaAs alloys offer a solution O the contradictory demands Of high sensitivity arid high
operating, teipetature. Along with higher temperature opetation comne further possible benefits: visible response and
monolithic arrays.  InGa As waterial has not received much attention for scientific focal planes, primanly since it cannot
respondinthe 3.5 pm 01 8 - 12 pun atmosphernie windows as MCT earl. }lowever |, it is amuch easier material systeimin
many respects than MCT, which translates into potentially higher fig ures Of merit.  InGaAs detectots that have been
fabricated and tested already show large advantages over coffesponding MCT detectors, A typical InGa AS photodetector
structure iSshowninFigure 1.

2.3 11 out Hlumination

Integration of the readout with the photodetector has worked very well insilicou, but attempts at monolithic MCT
ariay s have met with limited success at best. Researchinto circuit elements based on InGiiAs, however, SHOWS that high
quality components are possible.’® Junction ficld effect transistors (311 i1's) and charge coupled devices (CCI)s) with high
perfor nance have already been demonstrated in IniGa As. With these elements, an in frared focal planie consisting, of
photodiodes and anintegrated 1eadout is feasible,

A focal plane capable Of operating inboththe Visible andthe SWIR climiinates these constraints, 1esulting in g inuch
more situple and compact instrument. InGaAs detectors have been fabricated in frontside illuminated configurations that
offer excellentinfrared response and good Visible response. Good quantum efficiency down t0 0.7 jun was demonstrated on
a spectr um Of an InGa As detector (Aco = 1.7 jun), limited only By the Inb cap layer over the pixel. This cap layer” is
deposited epitaxially and can easily be grown thinner, or climinated, tO further enhance the visible response.  Puither
researchinto different passivation lavers for the InGaA s surface Will lead [0 anti-reflection coatings in order [0 increase the
lightinto the active region of the diode. The esult of these advanices should be a focalplanc responsive from below 2.5 jun
with hig hquantum efficiency: ideal for many carth remote sensing applications.

2.4 Miniature Imaging Systemn

Miuniaturization of instruments operating in the SWIR IS fimportant as an enabling techmology for a wide varicty of
applications. For planctary exploration, for exam ple, iission concepts are under developrent for a fast flyby of Pluto using
a sinall spacectaft. Additionally, the characterization of the Mars environment throughthe use OF an aray of sl se nsors
diopped 10 the surface is being developed. For Earth rernote sensing, miniature instruments will be impottant for field
measu rerents, operation on lig ht airciaft, and a vaticty of othermobile surveillance applications., °

3. CMOS ACTIVEPIXELIMAG E SENSORS

In many imaging systems, integration of the image sensor with citeuitty for troth driving the image scusor and
perfouming on-chip signal processing 1S becoming incicasingly important. A high degree Of electronics integration on the




focal-plane can enable miniatunization of instrument systems aud simplify system interfaces.  In addition to 2o0d imaging
performance with [ow noise, no lag, no stear and good blooming control, it is desirable [0 have random access, simple
clocks and fast readout rates. The development of a complemernitary mietal-oxide semicond uctor (CMOS)-compatible image
scnsor tech nology IS animaportant step for bighly integrated miniature imaging systems since CMOS is well-sui[d foOr
implementing on-chipsignal processing circuits. CMOS is also a widely accessible and well-understood technology.

CCDs are cuntently the dominant technology fosimage sensors.  CClanays withhigh fill-fictor, small pixel sizes
and large formats have been achieved and some signal proce ssing oper: tions have been demonstrated with charge-domain
circuits, 2% ]]Jow’ ever, CCIs cannot be easily integrated with CMQOS circuits due to additional fabrication complexity and
increased cost.  Also, CCDs are high capacitance devices S0 that on-chip CMOS diive electronics would dissipate
prohibitively high power levels for large arca or-rays (2-3 W). Furthenmore, CCDs need many different voltage levels [0
eusure high charge transfer efficiency. The readout rate iS limited due to the inherent sequential readout elf _'~l)s and the
need (0 achicve nearly perfect charge transter efficiency [0 maintain signal fidelity.  CCDs also suffer from smecar and
susceptibility to radiation damage.

]
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Fig. 2 JPI Active Pixel Sensor (Al'S),

Anactive pixel image sensor is defined as an image sensor techuology that has one or more active tansistors within
thie pixeluaitcell. ¥ (see Figure 2) Ibis is incontrastto a passive pixel approach thatuses a simple switch to connect the
pixelsignal charge tO the column bus (':l['mcitzln(‘('.24 Active pixel sensors demonstiated lower noise readout, improved
scalability to Jarge anray formats and hig her speed 1eadout compired to passive pixel secosors. Previously demonsteated
active pixel sensor technologies include the amplified metal-oxide- se miconductor imager (/\MI),25 charge mod ulation
device (CMD),% bulk charge modulated device ()%(‘Ml)),z" base stored image sensor (BASIS)® and the static induction
transistor (SI1).*% Although AMIs are both CMOS-cor npatible and liable to integ ration w ith ou-chip circuitry, noise fevels
and lag can be a problem due to the unconiclated re’ set operation 30 CMDs, BC'MDs and BASIS are also amenable to
mteeration with on-chip circuitry, but can be made CMOS compatible only with additional fabrication steps.  SI'T's are
difheult o integra te with on-chip circuitry and are not CMOS compatible.

The CMOS active pixel seusors desciibed in previous report™ are inherent! y CMOS-conipatible. Bach pixel unit cclt
contains animag ing clement an d three transistors for readout, sel ection anid 1eset. The imaeer is read oul g row at atim e
using & column parallel readout architecture. The major innovation reported in previous paper is the usc of intra-pixel
charg ¢ transfer to allow conelated-do uble- samnpling (( TDS) and on-chip fixed pattem noise (1 PN) suppiession circuitry
located in cach colwnn. Those innovations will allow, for the first time, a CMOS image sensor [0 achieve low noise
performance compa rable to a CCD. In all the designs tandom a ceess is possible, allowing selective readout of windows of
nterest. The iimage sensots are operated with transistor-transistor Jog ic clocks and at most two other direct curient voltages.
‘These image sen sors achieved lateral blooming coutiol through proper biasing Of the reset transistor. No lag of s ear was




cvident. The reset and signal levels are read out differentially, allowing CDS to suppress kTC noise, 1/f noise and fixed
pattem noise from the pixel. 1.ow noise and high dynamic range Were achieved. The UsC Of a radiation hard CMOS process
to implement the sensor S also a possibility. The CMOS active pixel image sensors reported earlier had per fonnance
suitable for many applications including robotics and machine vision, guidance and navigation, automotive applications,
and consutner electronics such as video phones, computer inputs and horue surveillance devices. Future development will
lead to both tansportable shipboard surveillance and scientific SeNSOrs suitable for highly integrated imaging systems for

NASA deep space, planetary spacecraft and mobile field camera

A schematic Of the baseliuc pixel design and readout circuit used in the CMOS Ars arrays is shown in Fig. 3. The
pixel uuit cellis shown within the dotted outline.  The imaging stucture cousists of a photogate (PG) with a floating
diffusion output (1:])) scparated by a transfer gate (1X). Inessence, a small surface-channel CCD has been fabricated
within eachpixel. The pixelunit ccl] also contains areset transistor (MR), the inputtsansistor Of the in-pixel source-
follower (MIN) and a row selection transistor (MX).
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Figure 3. Schematic of Readout Circuit of CMOS APS

The readout cire uit, which is common to anentir¢ colurnn of pixels, includes the load transistor of the first source-
follower (Ml N) and two sample and hold circuits for stoting the sig nal level and the reset level. Sampling both the 1eset
and siguallevels penmits conelated double sampling (CDS) whi ch suppresses reset noise from the floating diffusion node O f
the pixel, and 171 noise and threshold variations from the source-follower transistor within the pixel. ' }ach sample and
hold circuitcousists of @ sample and hold switch (MSHS or MSHR) and capacitor (CS or CRY and a column source-fol lewet
(MPlor MI"?) and column selection transistor (M Y1 OF MY?) to bufter the capacitor voltages and [0 drive the high
capacitance horizontal bUS at higher readout speeds. The load transistors of the column source-followers (M1 P1 and
Mt 1)?) are common [0 the entire anay of pixels. P-channel source-followers are used in the columnn circuit to compensate
for the level shifting of the signal due 1o n-channel source followers within the pixels. The summmary of the CMOS APS is
eivenintable 1,




Table ]

Transistor and Capacitor Sizes

Element Function Size

MR Itl-pixel reset transisto 3/2

MIN In-pixel Source-fol]owef input 6/2

MX Row-selection switch 6/2

MI N First source-fc)]|~w~r load 3/4

MSHR,MSHS Sampleand hold switches 372

MP 1, MP?2 Column source-foilowcer ingputs 12072

MY 1, MY?2 Columu-selection switches 1o

MLP 1, M1.I?2 Sceond source-follower loads 30/2

MCB Crowbar switch 3/2

MS 1, MS2 Crowbar selection switches 3/0

CS,CR Sample and hold capacitors Ipt*

CS, CR Modified sample and hold capacitors 2.3 pb’

PG TX D R VDD PG X FD R VDD
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Figure 4. Operation of CMOS APS




The operation of this image sensor is illustratedin Figs. 4(a)-(d). Therail voltages VDD and VSS are set at bv
and OV respectively,andthe transfer gate TX is biased at2.5V. The load transistors of the in-pixel source-follower and the
column source-followers (Ml N, MI.P1 and MI P2 in Fig. 3) arc d.c. biased at 1.5V and 2.5V respectively. During the
signalintegration period (Fig. 4(a)), photogenerated electrons are collected under the surface-ch:ulnel photogate PG biased
at5V. The reset transistor MR is biased at 2.5V 10 act as alateral anti-blooming drain, allowing excess signal charge to
flow [0 the XC.Set drain. The row-se lection transistor MX is biased off at 0 V. Following signal integration, an ¢ntire row of
pixels are read out simultaneously. First, the pixels in the row to be read out are addressed by enabling row selection switch
MX. Then the floating diffusion output node of the pixel ‘D) isreset by bricfly pulsing the reset gate of MR 0 5V. his
resets 1D [0 approximately 3.5V (Fig. 4(b)). The output Of the first source-follower is sampled onto capacitor CR atthe
bottom Of the column by enabling sample and bold switch MSHIR. “Then, PG is pulsed low to O V, transfeniing the signal
charge to FD (ig. 4(C)). The new output voltage IS sampled onto capacitor CS by enabling sample and bold switch MSHS
(Fig. 4(d)). The stored reset and signal levels are sequentially scanned out through the second set of source-followers try
enabling colurin address switches MY land MY 2. ‘1bis timing scquence iS shown in Fig. 5.
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Figure 5. Timing for CMOS Af’ SReadout

4. Challenges

The objective of this research is [0 develop a forward looking focal planc ariay sensor closely aligned on a
monolithic active pixel frame i two different selected paired hyper spectral by inds (one in visible for physical observation
and [I 1 other for function al scanning in 2.0 - 2.5 juntransmission spectralwindow of air) for clutter reduction and
enhancement of the desired features for Navy applica ionin remedial actioncontrol, surveillance, andprecision strike.

The success of this proposal depends heavily on the sensing and readout structure.  *1'bUS, optimization of the
major par ts, such asthe selection of InGa As material, fabrication capability Of the reliable JHET structure for the design Of
active pixel sensors.  Effective design of the readout circuit, 1S also vital factor [0 successfully integrate the system to
detect the muluspectral sensor artays,

Since it is not intended to grow the material at 31, in this proposal, MBY grown InGaAs on InP substrates will be
obtained frour outside of the Taboratory at best available bases. Several different supedattice(refer Figure 1) walers with
In, Ga,As, including Ing, Ga, ,As and In,,Ga,,,As, will be also obtained and characterized in an effort to select proper
spectial range of 1.3 - 2.5 pun by Yourier Transformation Infrared Spectrometer at the JP1s Infrared Sensor J.aboratory.
Simple active pixel sensor circuits (Figure 3) consisted of JEFHTs will be designed at the J1'1.°s VIST design Taboratory and
be fabricated at the Microelectronic Devices Laboratory at JP1.. Measuretent of temperature dependence of fabricated
devices inoptical and electrical device response will be performed using infrared imager testbed. Pulse Instruments and by




Multipurpose Microelectronic Advanced Laser Scanner at JP1.. The conventional lock-in amplifying system together with
active readout electronics will be applied without miniaturization for the first Phase ollc-year feasibility research.

Infraned and visible focal plane anays arc the critical components in existing and future mobile weapon systems
for nightandday vision in Navy activities. Dual IR scanning systems were only applied for enhancing the desired features
in surveillance. However, the physical (visible) and functional (IR) images of the same object obtained by the same focal
plane artaysare Vital 1o an operator to take immediate action without extra processing of the data from two different
sensor anays. This can be achieved by the active pixel dual(VIS/IR) bands staring focal plane arrays €Ven near room
temperature. This could be an revolutionary technology for awide range of correctional action, imnproving spatial as well
as temporal profiles for field surveillance and missile warning.

If this effort is successful, the following. two years will be concentrated [0 integrate a prototype of aminiaturized,
and mobile systewn for the tectinolog y transfer.
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